Adiabatic and vertical ionization potentials (IPs) of finite-size graphene sheets as a function of size were determined by using density functional theory. In the case of graphene a very moderate gap between vertical and adiabatic IPs was observed, whereas for coronene molecule as a model compound these values differ considerably. The ionization process induces large changes in the structure of the studied sheets of graphene; "horizontal" and "vertical" bond lengths have different patterns of alternation. It was also established that the HOMO electron density distribution in the neutral graphene sheet affects its size upon ionization. The evolution of IPs of graphene sheets towards their work functions was discussed.
Introduction
The studies focusing on carbon allotropes, such as fullerenes [1] , carbon nanotubes (CNTs) [2] , and graphene [3] , are a great challenge to scientists worldwide. Since 1986 extensive investigations on fullerenes and afterwards on CNTs have been conducted both theoretically and experimentally [4] [5] [6] . The last decade was the period of the rise of graphene. Its physical, chemical, structural, mechanical, and electronic properties were studied in detail [7] [8] [9] [10] [11] [12] [13] .
Surprisingly, ionized graphene has received little attention. There are only a few papers, to the best of our knowledge, devoted to such investigations. Thus, Watanabe's group investigated Auger ionization in graphene nanoribbons (GNR) [14, 15] . Ghadiry et al. studied the ionization mechanism theory in GNR [16] . Owens in his work studied electronic properties, band gap, and ionization potentials (IPs) of GNRs with various lengths [17] .
Only two papers [17, 18] were devoted to the determination of IPs of graphene by the up-to-date density functional theory (DFT) technique; however, Owens studied only vertical ionization potential (IPV), whereas adiabatic ionization potential (IPA) was beyond the scope of his work. Baldoni's group used Koopmans' theorem to evaluate IPVs of GNRs. It is a matter of common knowledge that IPA and IPV of the same molecule are commonly close, but two different scenarios are in the basis of these two physical quantities and one must distinguish them. Generally, the first ionization potential approximates the work function (WF) providing useful information about the electron emitting behavior of the studied structures.
Also, we should emphasize that the transition of graphene from neutral to radical cation state is in close connection with the changes of its electron structure, which, in turn, improve the reactivity. Such activation can expand the limits of organic synthesis and allows one to obtain aim products selectively, more efficiently, and under nonrigid conditions.
The short list of aforementioned papers demonstrates that there is a demand to study both IPV and IPA of graphene. In addition, it is worth studying structural changes that arise in ionized graphene sheets, because the removal of an electron from a molecular orbital very probably causes large changes in the perfect framework of graphene.
Inspired by the above considerations as well as the recent success in precise cutting of graphene sheets [19] , in this paper, we investigate electronic and structural properties of finite-sized graphene sheets by techniques based on the DFT, which has been successfully applied to predict many properties of graphene with high reliability and less computational efforts than the majority of the traditional ab initio methods. 
Computational Details
The models C 30 H 14 (3 × 3, 3 aromatic rings in row and line, 9 rings in total), C 48 H 18 (4 × 4), C 70 H 22 (5 × 5), C 96 H 26 (6 × 6), and C 126 H 30 (7 × 7) were used as neutral finitesize sheets of graphene. The ends of all studied models were passivated with hydrogen atoms to avoid the dangling. Orca 2.9.1 molecular modeling software [20] was used to perform DFT calculations on the investigated systems.
To validate our results we used a coronene molecule C 24 H 12 as a well-studied model compound. Coronene was proved to be the smallest molecule that perfectly resembles graphene properties [21] [22] [23] . First, we calculated IPV and IPA of coronene using two hybrid functionals B3LYP and PBE0 that were employed in many research studies in which many properties of carbon nanotubes and graphene were studied, for example, [11, 24, 25] . The method used for obtaining IPA and IPV values is described below in this section. In all calculations we involved SVP (split-valence polarization) basis set, which is equivalent to the commonly used 6-31G * basis set [26] . In SVP the inner shell atomic orbitals are described by a single basis function; two basis functions are provided for each valence shell atomic orbital, augmented by a set of polarization functions [26] . Second, we compared our theoretical predictions and available experimental evidence (Table 1) .
Experimental results on IPV of Clar and Schmidt [31] as well as Boschi and Schmidt [32] are quite close: 7.29 and 7.34 eV, respectively. The great dispersion exists in the case of IPA: earlier works of Kuroda [30] , Birks, and Slifkin [29] gave the following values: 7.64 and 7.44 eV, respectively. The subsequent investigators obtained smaller values: 7.26 ± 0.05 [27] and 7.29 eV [28] .
One can see that, by definition, calculated IPV of coronene is higher than its IPA (Table 1 ). B3LYP calculations give smaller IP values than does PBE0. Although it seems that both functionals slightly underestimate IP values, PBE0 produces more reliable results. Therefore, in the rest of the paper we involve only PBE0/SVP calculations.
The IPAs of the graphene sheets were determined by applying the following procedures. First, the total energies of a neutral sheet ( ) and a +1 charge radical cation (
•+ ) of the same sheet were calculated. The ionization energy was then obtained by subtracting the total energy of the neutral sheet from the energy of the +1 charge radical cation:
In order to obtain IPVs, we calculated the total energies of the ionic states of graphene sheets, using the optimized geometry of the neutral system; then we subtracted the total energy of the neutral from the energy of the radical cation of the graphene sheet obtained at the geometry of neutral:
where ( •+ ) is the total energy calculated at the same equilibrium geometry as the neutral graphene sheet.
The work function of the systems considered here is obtained from the Fermi energy:
where HOMO is the energy of the highest occupied molecular orbital and is the band gap of the system.
Results and Discussion

Ionization Potentials of Finite-Size Graphene Sheets.
To study the influence of graphene sheets size on their electronic structures we have chosen the following models:
, and C 126 H 30 (7 × 7). Such a moderate size of sheets was chosen to expressly investigate quantum size effects that become especially explicit in such systems. Figure 1 presents the studied graphene sheets as well as a coronene molecule which is used for comparison purposes.
With obtained information concerning IPA and IPV, we compared two series of values from Table 2 .
Since the relaxed geometry of the radical cation of graphene is sure of lower energy than its unrelaxed geometry corresponding to neutral graphene, IPV > IPA for all studied models. Although the difference between IPV and IPA seems rather small, we should separate these two definitions of IPs because two different scenarios underlie the basis of these values. In the examination of infinite graphene, we can very likely use any IP definition. Also, we took into consideration available data on IP calculations of singlewalled CNTs (SWCNTs) which may be regarded as "rolled" graphene sheets. Unfortunately, many authors did not state clearly whether their values are adiabatic or vertical [33] [34] [35] . The remarkable exceptions are the works [24, 36] . There are two papers devoted to the IPs determination of graphene [17, 18] and they contain data on IPVs only. Moreover, Baldoni's work [18] employs Koopmans' theorem to obtain IP values which, though very convenient, gives only rough approximations. Additionally, in this work, we use different size of the graphene sheets in comparison with the latter papers. Therefore, it is unreasonable to directly match our IPs predictions and literature evidence on both SWCNTs and graphene. On the other hand, we can compare general trends Advances in Materials Science and Engineering (Table 2 ). One can observe the similar trend: monotonic decrease in the IP value with the increase in nanocluster size. When the number of carbons in the structure is even, the sheets demonstrate similar IPs behavior, whereas when it is odd the IPs versus length curve show a clear peak and then a gradual decrease in IP values. Baldoni's paper demonstrates the following value for the model consisting of 30 carbon atoms: ∼7.3 eV [18] . It is the only "armchair" model which has an approximately equal number of carbon atoms as compared with the present work models. This overstated value of IPV was ascribed to the usage of Koopmans' theorem. In spite of a very limited range of IP values for armchair models, we can, however, compare our data with the trends in the changing of IPVs of "chiral" and "zigzag" models. It turned out that Baldoni's results have the same trend: monotonic decrease in IPVs. The plots do not allow the peculiar peak observed by Owens to be recognized.
SWCNTs, in turn, demonstrate the opposite behavior of their IPs. One can see pronounced oscillations of both IPAs and IPVs with the period of 3 [24, 36] . The origin of these oscillations was suggested elsewhere [24, 37] . It is clear that to follow this pattern the studied graphene sheets should form entirely identical structures. However, the general decrease in a Length ( ) is the length of the graphene sheet as described in Figure 3 IPs with increasing size of SWCNTs is sure to confirm our IP calculations as well as conclusions about infinite graphene behavior.
Work Function of Graphene.
Our next aim is to study the evolution of the IPs of finite-size graphene sheets to the WF of "infinite" graphene. We first address the work functions of small graphene clusters with sizes ranging from ca. 7 × 7Å to 18 × 18Å (from 3 × 3 to 8 × 8 models). The calculated WFs are presented in Figure 2 . The data analysis shows that the WF increases with the increasing graphene sheet size (Figure 2 ). On going from "small" to "large" models the relative changes of the WF diminish. As far as we know, there are no direct experimental or theoretical measurements on the WFs of individual finitesize graphene sheets. Therefore, it is worth studying qualitatively the critical size of a polyaromatic hydrocarbon that gradually becomes real graphene. To assess that, we extrapolate our data with a power function ( Figure 2) ; excellent correlation coefficient ( 2 = 0.99) is observed.
Extrapolation towards a larger size (ca. 790 × 790Å or 330 × 330 sheet) gives the WF of 4.50 eV, which is close to the WFs of graphene (4.5 [38] , 4.55 [39] eV). Thus, in terms of electronic properties, we can conclude that the 330 × 330 sheet is large enough to describe well the properties of "infinite" graphene. It practically corresponds with "the upper limit of nanotechnologies. " Further extrapolation gives us the following critical point of transition from graphene to bulky graphite: ca. 8500 × 8500Å (3550 × 3550) sheet demonstrates a WF of 4.80 eV, which is very close to the WFs for the graphite (4.8 eV [40] , 4.91 eV [41] ).
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Figure 3: The model used herein to define structural parameters of graphene sheets: "horizontal" ( 1) and "vertical" ( 2) bond lengths. Terminate carbon atoms, between which the length of the sheet is measured, are colored in black. Hydrogen atoms omitted for clarity.
Structures of Graphene Sheets.
To study the influence of graphene sheets ionization on their structures we, firstly, should define some useful parameters. There are two types of bonds in graphene sheets, one "horizontal" ( 1) and one "vertical" ( 2) (Figure 3) .
It should be noted that we use such notations to emphasize the basic difference of these bonds. Actually, the angle between 2 and the ordinate axis is ca. 30 ∘ . To define the influence of ionization on geometrical parameters of the studied graphene sheets, we measure the lengths of these clusters between the terminate carbon atoms (Figure 3) . Further, we will review 7 × 7 graphene sheet as the most interesting one among those studied.
First, we need to say that ionization leaves C-H bond lengths intact. We do not include these bonds into further consideration. A large bond alternation is observed for "horizontal" 1 ( Figure 4 ). They were established to be symmetric relative to the graphene sheet centre. Similar observations were made in the previous studies on CNTs [24, 35] . The centre bond lengths are much closer than peripheral bonds to the value of 1.42Å (C-C bond length of pristine infinite graphene). The terminate C-C bonds undergo the influence of hydrogen atoms as well as the edge effects. Ionization induces large changes in the framework of the sheets. Almost every C-C bond becomes longer as an electron is being removed which makes the bonds weaker. Alternation pattern is also changed; we cannot observe any symmetry in bond lengths. Figure 5 : Optimized 2 bond lengths (in angstroms) for both neutral 7 × 7 and its radical cation 7 × 7
•+ . Hydrogen atoms omitted for clarity.
The "vertical" 2 bond lengths show the same behavior: neutral graphene sheet exhibits clear symmetry of 2, whereas its radical cation has a lack of symmetry ( Figure 5 ). The majority of 1 bonds become longer on ionization. The behavior of 2 is opposite as we can see both the elongation and the abridgement equally. To shed the light on this problem, we take into consideration the highest occupied molecular orbital (HOMO) of the graphene sheet ( Figure 6 ). The relative elongation or the abridgement of 1 or 2 is probably caused by the shape of the HOMO from which the electron is being removed. As we can see, the distribution of the electron cloud is not uniform; there are distinct minima and maxima on the graphene surface ( Figure 6 ). It is displaced from the top and the bottom of the sheet, which leads to the nonuniform structural changes of ionized graphene.
As a whole, the process of ionization increases the length of the graphene sheet as a cluster; besides, this effect is strongly pronounced in the case of "small" sheets. It is natural as the whole number of electrons increases on going from 3 × 3 to 7 × 7 models and the impact of a single electron to the cluster's electron shape becomes smaller. In the case of infinite sheets of graphene we expect zero contribution from one electron. However, the recent experiments have demonstrated that the "atomically precise" graphene sheets became a reality [19, 42] . Such sheets were employed in modern graphene nanoelectromechanical systems (GNEMS) to enhance their properties [43] ; therefore we should keep in mind that a finite-size graphene sheet may change its size upon ionization.
Conclusion
We investigated IPA and IPV for a series of graphene sheets as a function of their size by means of the PBE0/SVP approach. Our calculations reveal that the size of the graphene sheet affects its IPs values. In contrast to coronene, graphene shows only marginal difference between IPA and IPV that approves its greater structural stiffness. It looks very possible that in the case of real graphene both types of IPs become equal. It was established that the size of studied sheets undergoes changes upon ionization and in the case of "small" sheets these relative changes are significant. This interesting effect of graphene elongation, most probably, depends on the HOMO electron density distribution in graphene. Finally, in terms 6 Advances in Materials Science and Engineering of electronic properties, we have found that graphene, when reaching the critical size of approximately 790 × 790Å, can be considered as real graphene.
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